Pangolins are enigmatic mammals at the brink of extinction. The 8 recognized extant species, grouped in the family Manidae (order Pholidota), inhabit tropical and inter-tropical zones of Africa and Asia (Gaubert 2011) . They have unique specialized morphological characteristics linked with their myrmecophagy (diet of ants and termites) and fossoriality, including a scaled armored body, toothless mandibulae, and a disproportionately long tongue attached to a modified xiphoid process (xiphisternum). Although pangolins share many adaptive traits through convergent evolution with South American anteaters (Xenarthra), molecular phylogenies have revealed that they are sister-group to Carnivora (Murphy et al. 2001a (Murphy et al. , 2001b .
The taxonomy of extant pangolins is poorly known and their classification has varied accordingly. Based on morphological characters, pangolins have been grouped in one genus Manis (Jentink 1882; Emry 1970; Schlitter 2005) or subdivided into a variety of subfamilies, genera, and/or subgenera (Pocock 1924) , some classifications emphasizing the divergence between Asian and African pangolins (Patterson 1978) .
Through phylogenetic assessment of skeletal characters, Gaudin et al. (2009) proposed to 1) classify the Asian and African species into the subfamilies Maninae and Smutsiinae, respectively and 2) split pangolins into 3 distinct genera: Manis (Asia), Smutsia, and Phataginus (Africa). We follow this genus-level classification here, using common names from Gaubert (2011) (alternative common names may be found on the IUCN Red List of Threatened Species; http://www.iucnredlist.org/). The genus Manis traditionally includes the thick-tailed pangolin Manis crassicaudata, the shorttailed pangolin Manis pentadactyla and the Sunda pangolin Manis javanica, distributed from the Indian subcontinent to South-East Asia. Frequently considered a subspecies of the Sunda pangolin, the Palawan pangolin Manis culionensis (Philippines) has recently been raised to the species-level on the basis of fixed morphological divergence with M. javanica (Feiler 1998; Gaubert and Antunes 2005) . The genus Smutsia encompasses the 2 largest African species, namely the giant pangolin Smutsia gigantea and the ground pangolin Smutsia temminckii, with mutually exclusive distributions in rainforest blocks and savannahs, respectively. The genus Phataginus regroups 2 smaller, arboreal African species with similar ranges across rainforest blocks, including the long-tailed pangolin Phataginus tetradactyla and the common African pangolin Phataginus tricuspis.
Despite their evolutionary uniqueness, pangolins remain one of the least studied mammalian orders, with the first whole-genome assembly published in 2016 (Choo et al. 2016) . The most extensive phylogenetic study, based on discrete morphological characters of 7 extant species (Gaudin et al. 2009 ), posited that 1) Asian and African pangolins are sister-groups), 2) within African pangolins, Smutsia and Phataginus are a sister-group (but this relationship and the genus Smutsia were weakly supported), and 3) within Asian pangolins, M. crassicaudata and M. pentadactyla form a weakly supported clade, itself a sister-group with M. javanica. Previous molecular phylogenies have been hampered by incomplete taxonomic sampling and/or weak locus representation (Du Toit et al. 2014; Gaubert and Antunes 2015; Hassanin et al. 2015; Zhang et al. 2015) , but minimally confirmed the deep divergence between African and Asian pangolins suggested by their morphological differentiation (Gaudin et al. 2009 ). Recent evidence also supported important levels of cryptic diversity within several of the more widely distributed species. Scales seized in Hong Kong revealed undescribed levels of divergence among several mitochondrial lineages in M. javanica (Zhang et al. 2015) . Similarly, the phylogeography of M. tricuspis identified 6 distinct geographic lineages that may warrant dividing the common African pangolin into several species (Gaubert et al. 2016) .
Pangolins have emerged as a major flagship species of the wildlife trade, reflecting local-to-global changes in the market notably driven by the unsustainable demand from the Chinese Traditional Medicine market (Zhou et al. 2014; Heinrich et al. 2016) . Pangolins are now considered the most trafficked mammals on Earth (Challender et al. 2014) , being literally "eaten to extinction" for their meat and medicinal use (https://www.iucn.org/content/eating-pangolins-extinction). Recent seizures-notably in Hong Kong-indicate that, as Asian pangolins are becoming rare, traffickers are now sourcing from Africa (Lale-Demoz and Lewi 2013) possibly via the same criminal networks that were set up for the ivory trade. Consequently, all 8 species have been raised to vulnerable (African pangolins), endangered or critically endangered (Asian pangolins) status in the IUCN Red List (http://www.iucnredlist.org/) and have been listed on appendix I of the Convention on the International Trade in Endangered Species of Wild Fauna and Flora (CITES; https://www.cites.org/).
The traceability of pangolin-derived products is hampered by the various ways they are traded, including smoked carcasses, chopped meat, scales, scale powder, and embryos (Soewu and Ayodele 2009; Zhou et al. 2014; Nijman et al. 2016 ). In only a few cases have genetic tools been applied to survey pangolin seizures, with limited impact on practical conservation measures (e.g., Luo et al. 2009; Hsieh et al. 2011; Zhang et al. 2015) . The lack of knowledge on their evolutionary biology and the absence of suitable diagnostic genetic markers increase the importance of setting up a comprehensive phylogeny of pangolins to establish a robust framework for tracing their illegal trade. Thus, here we aimed to 1) provide a complete, multilocus, and time-calibrated phylogeny of pangolins, 2) assess taxonomic delimitations among and within the traditionally delineated pangolin species, and 3) identify the most suitable genetic markers for the molecular tracing of the pangolin trade.
Materials and Methods

Biological Sampling
Pangolins are elusive, mainly nocturnal mammals difficult to survey. Our taxonomic sampling included 21 specimens (14 fresh samples, 5 voucher-related tissues, and 2 museum tanned skins) from all 8 extant pangolin species (Supplementary Table S1 ). Species were identified in the field or from photographic material and confirmed with 402 bp of cytochrome b (cyt b) (Olayemi et al. 2011) in either the DNAbushmeat ) database for African species or the NCBI database using MegaBLAST (Ng and Peng Pang 2010) for the Asian species. The mitogenomic dataset was completed with GenBank sequences of S. temminckii, P. tricuspis, M. pentadactyla, and M. javanica (see Gaubert and Antunes 2015 for the correct identification of the deposited mitogenomes) and 2 cryptic lineages of the African common pangolin (Gaubert et al. 2016) . The mitogenomes and 9 nuclear genes from 6 carnivorans were used as outgroups: Panthera tigris, Felis catus and Acinonyx jubatus (Felidae), Canis lupus (Canidae), Mustela putorius (Mustelidae), and Ailuropoda melanoleuca (Ursidae) (Supplementary Table S1 ).
DNA Extraction and Mitogenome/Nuclear DNA Sequencing
Genomic DNA was extracted from fresh samples using a standard phenol-chloroform protocol. Museum samples were processed separately in an isolated/degraded DNA platform using the DNeasy Blood & Tissue Kit (QIAGEN, France).
Mitogenomes were obtained by Sanger (n = 1) or Illumina shotgun (n = 14) sequencing (Supplementary Table S2 ). The libraries for mitogenomes sequencing at ISEM (n = 12) were prepared after Tilak et al. (2015) and equimolarly pooled on different lanes each combining ca. 20 vertebrate taxa. Lanes were sequenced by shotgun using single-end 100 bp reads on an Illumina HiSeq2000 Analyzer at GATC Biotech, Konstanz, Germany, returning between ca. 4.5 and 16.9 M reads per pangolin library (Supplementary Table S2 ). Two mitogenomes representing M. crassicaudata from Sri Lanka were obtained by shotgun sequencing at PKU-BIOPIC, Beijing, China. The libraries were prepared using NEBNext UltraTM DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA). Libraries were pooled and sequenced on an Illumina HiSeq2500 Analyzer for 100 bp paired-end sequencing, returning between ca. 19.9 and 24.6 M reads per library.
Quality of raw genomic data was checked with FastQC (http:// www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and Geneious v.7.1.5 (Biomatters, Auckland, New Zealand) was used to trim Illumina adapters from the raw reads before assembly. Different mitogenomes were used as references in Geneious v. 7.1.5 (Biomatters) for mapping the trimmed reads according to the expected phylogenetic proximity of the newly sequenced specimens (Gaubert and Antunes 2005, 2015) : the mitogenome of P. tricuspis (AJ421454) for P. tricuspis and P. tetradactyla, the mitogenome of S. temminckii (KP125951) for S. temminckii and S. gigantea, and the mitogenome of M. javanica (JN411577) for M. javanica, M. culionensis, M. crassicaudata, and M. pentadactyla (the mitogenome of M. pentadactyla KT445978 was not released at the time of our analysis). Reads were first mapped using the "medium" to "high sensitivity" setting in Geneious, depending whether the reference mitogenome represented the same or a different species to the mapped reads, respectively. High sensitivity iterative mapping was repeated until no additional reads could be included. Final consensus sequences were obtained using highest quality base assignment threshold; nucleotides were called for sites covered by ≥5 reads. A short cyt b fragment generated by PCR (see above) was used to validate the mitogenomes obtained by shotgun. Annotations were drawn from the reference mitogenomes detailed above, and reading frames along coding regions were screened manually for stop codons.
For nuclear DNA (nDNA) (Supplementary Table S3 ), we amplified β-fibrinogen intron 7 (FGB7), a portion of the titin (TTN) coding sequence (as in Gaubert et al. 2016) and 7 other nuclear genes (ALAS2, ATP7A, CHRNA1, FES, HK1, RAG2, and GNB1) (as in Luo et al. 2014 ) and sequenced amplicons in both directions on either a 3730xl DNA Analyzer (Genoscope, Evry, France; National Cancer Institute, MD) or a A3130xl Genetic Analyzer (Applied Biosystems) at ISEM, or Macrogen, Inc. (Korea). Because heterozygous sequences were detected in CHRNA1, FES, HK1, and RAG2 for some individuals, we determined haplotype phases using PHASE v.2.1 (Stephens and Donnelly 2003) and default parameters as implemented in DnaSP v.5 (Librado and Rozas 2009) . Mean probability among phase position assignment was 0.91. We randomly selected one-phased haplotype from each heterozygous sequence before further analysis. Mitogenomes and nDNA sequences were deposited in GenBank (accession numbers MG196296-MG196310 and MG014612-MG014695, respectively).
Final alignments were performed in Geneious using the Muscle algorithm (Edgar 2004 ) with default parameters and were manually adjusted in BioEdit 7.1.3 (Hall 1999 ).
Phylogenetic Analysis and Divergence Time Estimates
We used 3 different alignments, including 1) the mitogenomes (pang1) versus 2) the 9 concatenated nuclear genes (pang2), to evaluate congruence between phylogenetic signals from organellar and nDNA datasets, and 3) the concatenated mitogenomes + 9 nuclear genes (pang3) to assess the species tree of pangolins in a time-calibrated framework. We used Gblocks v 0.91b (http:// molevol.cmima.csic.es/castresana/Gblocks_server.html) to remove ambiguous regions and indels from the mitogenomic and nuclear datasets using default settings, resulting in 14 979 bp (95% of original mitogenome alignment) and 4375 bp (90% of original nDNA concatenated alignment). In a few cases "chimeric" concatenation of nuclear genes amplified from another sample from a same species/ similar region was used for mitogenomic sequencing (Supplementary Table S1 ). Alignments pang1-2 were used to generate maximum likelihood (ML) and Bayesian inference (BI) phylogenetic trees and pang3 was used to produce time-calibrated phylogenetic trees with a BI approach (see below).
For pang1 (mitogenomes), the best fitting partition schemes and models of evolution were determined with PartitionFinder v1.1.1 (Lanfear et al. 2012) . A "greedy" algorithm was used from 42 userdefined partitions corresponding to the 2 rRNAs, the regrouped 24 tRNAs and the 3 codon positions for the 13 protein-coding genes. Branch lengths were unlinked among partitions and the Bayesian information criterion (BIC) was used for selecting the best-fitting partition scheme among RAxML models. The best-fitting scheme consisted of separate, mixed GTR + Γ + I models of rate heterogeneity across the following 8 partitions: 1) 12S, 16S, tRNAs; 2) COX1_pos1, COX2_pos1, COX3_pos1, CYTB_pos1, ND1_ pos1; 3) ATP6_pos2, ATP8_pos2, COX3_pos2, CYTB_pos2, ND1_ pos2, ND2_pos2, ND3_pos2, ND4L_pos2, ND4_pos2, ND6_pos2; 4) CYTB_pos3, ND1_pos3, ND2_pos3, ND3_pos3, ND4_pos3, ND5_pos3; 5) ATP6_pos1, ATP8_pos1, ND2_pos1, ND3_pos1, ND4L_pos1, ND4_pos1, ND5_pos1, ND6_pos1; 6) COX1_pos2, COX2_pos2; 7) ATP6_pos3, ATP8_pos3, COX1_pos3, COX2_ pos3, COX3_pos3, ND4L_pos3, ND6_pos3; and 8) ND5_pos2. Since partition strategies based on iterative k-means as used in PartitionFinder have been criticized (Baca et al. 2017) , we also used a partition scheme based on the a priori definition of 4 gene/codon partitions, including single partitions (e.g., 12S, 16S, and tRNAs) and one partition for each codon position of the 13 protein-coding genes. For pang2 (nDNA), separate mixed GTR + Γ + I models of rate heterogeneity were applied to the 9 nuclear genes partitions. We used RAxML v8.2 (Stamatakis 2014 ) to obtain the best likelihood tree from a set of 20 trees generated from distinct starting trees with individual per-partition branch length estimates. Node robustness was assessed through 100 and 200 "thorough" bootstrap replicates for pang1 and pang2, respectively (the "sufficient" number of bootstrap replicates using the autoMR convergence criterion was estimated at 50 for pang1 and 150 for pang2; data not shown).
Bayesian phylogenetic analyses of pang1 and pang2 employed a Markov chain Monte Carlo (MCMC) approach using BEAST 2.4.4 (Bouckaert et al. 2014) . Given an expected high extinction rate following the divergence between carnivores and pangolins (Late Cretaceous; Zhou et al. 2012) , we fixed the Birth-Death model (Stadler 2010) as tree prior. For pang1, the best-fit partition scheme among 4 different strategies was assessed using AICM model comparison (likelihood; Baele et al. 2012 ) and 1000 bootstrap replicates as implemented in Tracer 1.6 ). We followed a 2-step procedure, by first decomposing the mitogenomic dataset into 4 and 8 partitions, following the numbers of partitions used in the ML analyses but without delimiting those partitions. We used the RBS package in BEAST to allow the Auto-Partition function, which relies on a reversible-jump based substitution model that samples the appropriate mixture of models across a user-defined number of nucleotide partitions (Bouckaert et al. 2013 (Bouckaert et al. , 2014 . We ran 4 replicate analyses of 100 M generations (sampled every 5000) on each partition scheme. Convergence and stability of parameters were assessed through Tracer. Log and tree files were concatenated using LogCombiner 2.4.3 (Rambaut and Drummond 2016a) with 10% burn-in. Trees were summarized as maximum clade credibility trees using TreeAnnotator 2.4.3 (Rambaut and Drummond 2016b) and edited in FigTree 1.4.2 (Rambaut 2014) . AICM estimates yielded better model fit for the 4 versus the 8 partitions scheme (data not shown). Second, we set up 4 partitions as described in the ML analysis (i.e., this time delimiting the 4 by-gene/locus partitions) allowing site modeling via the Bayesian Model Test option (bModelTest) as implemented in BEAST (Bouckaert and Drummond 2017) and using empirical versus estimated substitution frequencies. bModelTest estimates the 3 components of the site model simultaneously, including selection of substitution model and selection for rate heterogeneity model and invariant sites, through reversible jump MCMC computation. It has been shown to better fit the parameter-rich Bayesian framework than likelihood-based methods of model selection (Bouckaert and Drummond 2017) . Bayesian search strategy on this second partition scheme followed the one described above. AICM estimates yielded better model fit for the estimated versus the empirical frequency model. Final comparison between the 2 best-fit models derived from our 2-step procedure identified the estimated frequency model (bModelTest) as having a better fit than the Auto-Partition model for the mitogenomic dataset (data not shown). Thus, we applied the bModelTest 4-partition scheme with estimated frequency to pang1.
We used *BEAST (STAR-BEAST) for the BI of pang2 with 9 nuclear genes to co-estimate multiple gene trees embedded in a shared species tree (Heled and Drummond 2010; Gill et al. 2013 ). We used a by-gene partition scheme, with 9 partitions with the per-partition Bayesian model selection (bModelTest with estimated frequency) described above. The Bayesian search strategy was similar, but with 10 runs of 100 M generations (sampled every 50 000) launched in parallel.
Because of the high congruence between the mitogenomic and nuclear trees, we used concatenated mitogenomes + 9 nuclear genes (pang3) to estimate the pangolin species tree and time to most recent common ancestor (TMRCA) among lineages. We used *BEAST and the final partition scheme strategy of pang1 and pang2 with Bayesian model selection (estimated frequency), totalizing 13 bygene/by-codon partitions. The 4 partition-derived mitogenome trees were linked. We set up independent, lognormal relaxed clock models to accommodate mean branch rate variation among gene trees.
We defined 4 flat (uniform) TMRCA priors to calibrate our species tree: 1) 10-24 million years ago (Ma) at the node grouping the Felidae, with 10 Ma as the earliest fossil attributable to extant Felidae (Miopanthera pamiri) (Geraads and Peigné 2017) and 24 Ma as the earliest representative of the Felidae (Proailurus lemanensis) (Peigné 1999) ; 2) 38-47 Ma at the node grouping the Caniformia, with 38 Ma as the oldest Canidae (Hesperocyon gregarius) (Wang 1994) and 47 Ma as the oldest Caniformia (Miacis sylvestris) (Tomiya and Tseng 2016) ; 3) 5-45 Ma at the node grouping pangolins, with 5 Ma as the earliest fossil clearly attributable to extant Manidae (Pickford 1976; Gaudin et al. 2009 ) (but see Gebo and Rasmussen 1985) and 45 Ma as the earliest representatives of the Pholidota (Eomanis waldi, Euromanis krebsi) (Gaudin et al. 2009; Rose 2012) ; and 4) 64-87 Ma at the root (Ferae), with 64 Ma as the earliest Carnivora (Fox et al. 2010 ) and 87 Ma as the upper age limit for the Ferae found in previous molecular phylogenies (Meredith et al. 2011; Zhou et al. 2012) . Ten parallel runs of 500 M generations (sampled every 250 000) were followed by convergence assessment and log file compilation as described above.
Molecular Species Delimitation among Pangolins
To estimate species delimitation among pangolins and notably between closely-related M. javanica/M. culionensis and among the P. tricuspis lineages, we conducted taxonomic assessment through a 2-step, Bayesian tree-based approach. First, we delineated a preliminary set of species hypotheses using mitogenomes, since mtDNA is the most commonly used organelle for mammal delimitation (Galimberti et al. 2015) , with a Bayesian implementation of the Poisson Tree Processes model (PTP; Zhang et al. 2013 ) from the bPTP webserver (http:// species.h-its.org/). Species delimitation hypotheses were considered significant for posterior probability values >0.9.
We tested the validity of preliminary species hypotheses through a multilocus approach implemented in Bayesian Phylogenetics and Phylogeography (BPP) v3.1 (Yang and Rannala 2010; Yang 2015) . The method uses the multispecies coalescent to compare different models of species delimitation while simultaneously inferring a species tree that accounts for incomplete lineage sorting due to ancestral polymorphism and gene versus species tree conflicts. Contrary to earlier versions, BPP is no longer reliant on a fixed guide tree, but rather employs reverse-jump Markov chain Monte Carlo (rjMCMC) sampling and branch swapping with nearest neighbor interchange (NNI) to explore the likelihood of the data relative to species delimitation models and to account for phylogenetic uncertainty (Rannala and Yang 2013; Yang and Rannala 2014) . We used a concatenated mitogenome + nuclear gene dataset including the 6 P. tricuspis lineages (3 of which were only represented by mitogenomes). We excluded outgroup species to avoid the distortion of distant taxa on the assumption of constant rate of evolution among lineages made by the method (Yang 2015) . Following Leaché and Fujita (2010) , we implemented 3 different combinations of priors for ancestral population size (θ) and root age (τ0). Both priors followed a gamma G (α, β) distribution and were parameterized as follows: 1) Gθs (1, 10) and Gτ0 (1, 10) for large ancestral population sizes and deep divergence among species; 2) Gθs (2, 2000) and Gτ0 (2, 2000) for small ancestral population sizes and shallow divergence among species; and 3) Gθs (1, 10) and Gτ0 (2, 2000) for large ancestral population sizes and shallow divergence among species. For each parametrization, the settings were as follows: speciesdelimitation = 1, speciestree = 1, speciesmodelprior = 1, algorithm = 0, finetune ε = 2, usedata = 1, locusrate = 1, heredity = 2 (accounting for differential scalars among mt-and nDNA), and cleandata = 1. Finetune variables were automatically adjusted and swapping rates for each parameter were checked for recommended values (0.15-0.70; Yang 2015). To confirm consistency among runs, we ran 2 independent analyses using different starting seeds for each set of parametrization for 100 000 generations (with a sampling frequency of 5) with 20 000 samples discarded as burn-in. Following best-recommended practices, we considered posterior probabilities ≥0.99 as indicative of species level delineation (Rannala and Yang 2013) .
We explored the potential of our multi-locus dataset to trace the worldwide trade of pangolins by estimating genetic diversity across datasets, including the number of polymorphic sites (S), haplotype diversity (Hd), nucleotide diversity (Pi), average numbers of nucleotide differences (k), and parsimony-informative sites using DnaSP v.5.10.01 (Librado and Rozas 2009) . We also enumerated the informative indels 1) among African versus Asian species, 2) among groups of species, and 3) for each single species. MEGA v.7.0.18 (Kumar et al. 2016 ) was used to estimate the number of mutations between species pairs (between-group mean distances) and mean K2P mitogenomic distances among genera and species (as rough estimates of divergence levels).
Morphological Variation among Extant Pangolins
We assessed the external morphology (body proportions, hair, scale, and claw patterns) of 460 specimens from 7 museum collections (Supplementary Table S4 Table S4 ). Characters were coded as discrete traits, with a focus on traits that distinguish the main molecular clades (i.e., genera/subfamilies) identified by our analyses. Skeletal characters were extracted from Gaudin et al. (2009) to complete our morphological diagnoses.
Results
We generated 15 new mitogenomes representing the 8 extant species of pangolins. Cross-checking with the 402 bp cyt b fragments generated by Sanger sequencing resulted in 100% similarity with the corresponding cyt b sequences obtained by shotgun sequencing (11 out of 15 mitogenomes were checked; Supplementary Table S2). Average sequencing depth was 675× (min-max: 27-3651×), with number of nucleotide ambiguities in the final consensus (applying the ≥5 reads threshold) ranging from 0 to 122. The similarity of our mitogenomes obtained by shotgun sequencing compared to 2 Sanger-sequenced mitogenomes was very high (99.98-100%), thus confirming the quality of our mitogenomic data. Eight to nine nuclear genes were sequenced for all the species of pangolins, with the exception of M. culionensis and 3 lineages of P. tricuspis (missing data).
ML and BI mitogenome trees yielded very similar, well-supported topologies (Figure 1; Supplementary Figures S1-S3 ). African and Asian pangolins split into 2 sister-groups. Within African pangolins, representatives of Smutsia (S. gigantea and S. temminckii) were sistergroup to Phataginus (P. tetradactyla and P. tricuspis). Phylogenetic relationships among the 6 geographic lineages of P. tricuspis were resolved as: (Central Africa, Gabon), Western Central Africa, (West Africa, (Ghana, Dahomey Gap)). Within Asian pangolins, M. pentadactyla was sister to a clade where M. crassicaudata branched as sister-species of (M. javanica, M. culionensis). The 2 Sri Lankan pangolins (M. crassicaudata) did not form a monophyletic group.
ML and BI nuclear DNA trees had similar topologies to the mitogenome trees (Figure 1; Supplementary Figures S4 and S5 ). All phylogenetic relationships within nuclear trees had robust support, except for 1) the sister-group relationship between M. crassicaudata and M. javanica (M. culionensis data missing), which received marginal support (Bayesian posterior probability [bpp] = 0.90/bootstrap support = 88%), and 2) the unresolved phylogenetic relationships among the geographic lineages of P. tricuspis.
The BI analysis of mitogenome and nuclear sequences (19 354 bp) yielded a well-supported topology (Figure 2 ). All nodes of species trees had bpp values of 1, except P. tricuspis from West Africa with Western Central Africa (bpp = 0.90). Carnivores were estimated to appear during the Eocene (median = 50.8 Ma; 95% HPD = 44.9-57.4; Supplementary Table S6 ). Our multilocus approach (BPP) using mitogenomes and 9 nuclear genes yielded similar results using priors of small ancestral population sizes and shallow divergence times (ppv = 1.00; Supplementary Table S6) . However, fewer "species" (between 9 and 12) were recovered using 2 other prior conditions (large ancestral population sizes-deep divergence times; large ancestral population sizes-shallow divergence times). In those cases, M. javanica and M. culionensis were marginally to well supported (ppv = 0.81-0.99), and the 6 lineages of P. tricuspis received low support (ppv = 0.06-0.67).
Mitogenomes taken as a single "super" locus provided the most informative sites and indels among species/lineages of pangolins, with 6015 polymorphic sites, 5360 parsimony-informative sites, 2346 mean pairwise species differences (range = 498-3242) and 96 indels (Table 1) . Among the mitochondrial genes, NADH dehydrogenase subunits of respiratory complex I (ND1-ND6), cyt b and the control region (CR) had the highest proportions of parsimony-informative sites (0.35-0.41) (Supplementary Figure S6) . The CR had the most diagnostic indels (Supplementary Figure S7) . ND5 had the highest number of pairwise species/lineage differences (mean = 340; range = 61-458), followed by ND4 (mean = 230; range = 56-311) ( Figure  3) . Every mitochondrial gene, taken separately, differentiated all species/lineage pairs of species. Among nuclear genes, GNB1 had the most pairwise species/lineage differences (mean = 44; range = 0-77), Figure 1 . Maximum clade credibility trees of pangolins derived from the Bayesian analysis of gene/codon-partitioned mitogenomes (left) and 9 partitioned nuclear genes under the multispecies coalescent (right). Red squares at nodes correspond to bpp values equal to 1.0. Nodes without value indicate bbp <0.75. Scale bar corresponds to 8% (left) and 0.6% (right) divergence. Abbreviations correspond to the 6 lineages of African common pangolins ("Phataginus tricuspis"): CA, Central Africa; Gab, Gabon; DG, Dahomey Gap; Gha, Ghana; WAfr, West Africa; WCA, Western Central Africa. Further details on the mitogenome and nuclear trees can be found in Supplementary Figures S1 and S4 , respectively. indels (14), and the highest proportion of parsimony-informative sites (0.12), followed by CHRNA1 and FES. Five of 9 nuclear genes (TTN, FGB7, ALAS2, CHRNA1, and RAG2) differentiated all species/lineage pairs of pangolins (but 3 P. tricuspis lineages and M. culionensis were missing). In nDNA the proportion of parsimony-informative sites was 0.04-0.12 (vs 0.21-0.41 for mtDNA), mean number of pairwise species differences reached 12-46 (vs 32-397 for mtDNA), and the number of indels was 1-14 (vs 20-49 for mtDNA).
Mean K2P mitogenomic distances among the 3 pangolin genera varied from 18.3% (Smutsia-Phataginus) to 21.6% (Manis-Smutsia) and 22.8% (Manis-Phataginus). Within those genera, mean distances among species were 9.3% (Manis; range = 3.1-12.2), 11.9% (Smutsia), and 8.1% (Phataginus; range = 3.4-14.3).
Descriptions of body proportions, hair, scale, and claw patterns provided 8 diagnostic traits (i.e., exclusive among extant pangolins) for Phataginus, compared to 5 and 1 for Manis and Smutsia, respectively (Supplementary Figure S8) . We collected additional diagnostic characters related to osteological variation among the 3 genera, including 10 unique synapomorphies for Phataginus, contra 8 and 3 for Manis and Smutsia, respectively (Gaudin et al. 2009 ).
Discussion
Phylogenetic Systematics of Extant Pangolins
Our fully supported mitochondrial and nuclear phylogeny of pangolins highlights the diversity of extant species and provides a robust consensus phylogenetic framework supporting a reassessment of traditional taxonomy and morphological hypotheses (Figures 1 and 2) . We confirmed the split between Asian and African pangolins, as previously suggested from morphological observations (Patterson 1978) , morphological phylogenetics (Gaudin et al. 2009 ) and preliminary molecular phylogenies (Du Toit et al. 2014; Gaubert and Antunes 2015; Hassanin et al. 2015) . We also confirmed the delineation of 3 distinct genera within extant pangolins (Gaudin et al. 2009 ), including Manis (Asian pangolins), Smutsia (large/terrestrial African pangolins), and Phataginus (small/arboreal African pangolins). Whether 3 genera are sufficient to describe the diversity of extant pangolins will require more in-depth morphological investigations. For instance, Pocock (1924) classified pangolins into 6 genera mostly on the basis of external characters, including Manis (M. pentadactyla), Phatages (Phatages crassicaudata), Paramanis (Paramanis javanica), Smutsia (S. temminckii, S. gigantea), Phataginus (P. tricuspis), and Uromanis (Uromanis tetradactyla).
The attribution of the 2 subfamily names, Maninae and Smutsiinae, respectively for Asian and African pangolins (Gaudin et al. 2009 ), was inconsistent with the mitogenomic distances among the 3 genera (18.3-22.8%) and their ancient (Miocene) origin. Instead, our molecular phylogeny supports the designation of a distinct subfamily for Phataginus (for similar levels of divergence among mammalian subfamilies, see Vilstrup et al. 2011; Pozzi et al. 2014 ) that is further supported by morphological patterns. Gaudin et al. (2009) (clade supported by 10 unique synapomorphies), compared with 7 and 3 unique synapomorphies for Manis and Smutsia, respectively. Here, we describe 8 external traits unique to Phataginus, compared to 4 and 1 for Manis and Smutsia, respectively, totaling 18 diagnostic traits for Phataginus, 12 for Manis and 4 for Smutsia. Thus, we propose the designation of a new subfamily for small African pangolins, extending the morphological diagnosis of each pangolin subfamily (see below). Past suggestions that the thick-and the short-tailed pangolins (M. crassicaudata and M. pentadactyla) are sister taxa based on morphology was clearly refuted by our data. Instead the thick-tailed pangolin was the sister-species of Sunda and Palawan pangolins (M. javanica and M. culionensis). Thus, our results challenge the delineation of the subgenera Manis (including M. crassicaudata and M. pentadactyla) and Paramanis (including M. javanica) as has been traditionally considered in morphological-based literature (Gaudin et al. 2009 ).
The mitogenomic tree fully resolved the phylogenetic relationships among the 6 putative species of African common pangolins (traditionally regrouped under "P. tricuspis"; Figure 1 ). This included support for a clade of small range endemics (Ghana and Dahomey Gap) as the sister-group of a more widely distributed West African lineage (Ivory Coast, Guinea, Liberia), which had been weakly supported using shorter DNA sequences (Gaubert et al. 2016) . The mitogenomic analysis of species delimitation (bPTP) supported 13 species of extant pangolins, including the Palawan pangolin (M. culionensis)-the sibling species of the Sunda pangolin (Feiler 1998; Gaubert and Antunes 2005 )-and the 6 cryptic "lineages" of African common pangolins (Gaubert et al. 2016) . Although the multi-locus approach (BPP) yielded very similar results under the prior conditions of small ancestral population sizes and shallow divergence times, we consider that the taxonomic status of those pangolins is still uncertain because of 1) the lack of nuclear DNA data for the Palawan pangolin and 3 out of 6 African common pangolin lineages, 2) the likely inappropriateness of the priors relative to the deep evolutionary history depicted on the pangolin tree and 3) the failure to recognize these taxa as species-or as signatures of genetic structure (Sukumaran and Knowles 2017)-using 2 other priors (including the more likely, large ancestral population sizes and deep divergence times). Our results highlight the need for additional taxonomic research on Sunda-Palawan and African pangolins. The potential of cryptic diversity within the Sunda pangolin (Zhang et al. 2015) and the so far unassessed morphological variation within the 2 groups suggest that there is currently undescribed diversity within extant pangolins. 
A New Classification of Extant Pangolins
Morphological Diagnosis
Seven unique osteological synapomorphies (Gaudin et al. 2009 ): presence of deep groove for calcaneal-navicular "spring" ligament on ventral margin of astragalar head; groove for tendon of m. tibialis posterior on posterior distal surface of tibia deep, closed over by soft tissue to form a tunnel; transverse foramen of axis visible in anterior view; proximal articulation on capitate very wide, ≥85% of maximum dorsoventral depth of capitate; broad orbitosphenoid/ squamosal contact; facial nerve travels within closed canal formed by promontorium and crista parotica; body of incus stout and rectangular, crura short. One unique "ambiguous" (i.e., not checked on fossils) synapomorphy concerning soft tissue (Gaudin et al. 2009 ): cartilaginous extension of xiphisternum elongated, length much greater than ossified portion of xiphisternum, shovel shaped at distal end with central perforation. 
Ten unique osteological synapomorphies (Gaudin et al. 2009 ): lateral flange of metatarsal V elongated dorsoventrally, separated from cuboid facet by pit enclosed by dorsal and ventral ridges; cuboid facet of metatarsal V transversely compressed with width ≤ depth, but expanded ventrally; navicular facet of lateral cuneiform butterfly-shaped, expanded transversely on dorsal and ventral ends with concave medial and lateral margins; concavity on astragalar facet of navicular restricted to ventral side of convexity; proximal edge (=posterior edge) of astragalar trochlea straight or convex in dorsal view; distal tibia compressed, ratio of maximum width to anteroposterior depth ≥2; lesser trochanter directed medially, largely obscured by head but visible medially in proximal view; acetabular fossa opens ventrally; distal edge of trochlea of humerus convex in anterior view; manual ungual phalanx on digit I greatly reduced, <1/2 the length of ungula phalanx V. 
Diversification Scenario of Pangolins
Divergence time estimates within Carnivora and between Carnivora and Pholidota were similar to those previously reported (e.g., Zhou et al. 2012) , reinforcing the validity of our calibration strategy. Our analyses concluded to an Upper Eocene -Oligocene origin (median = 37.9 Ma; 95% HPD = 31.4-44.6) for the Manidae, an estimate that was generally older than those from previous mammal-level phylogenies (Bininda-Emonds et al. 2007; Meredith et al. 2011 ) (but see Du Toit et al. 2014) . We posit that the original diversification of extant pangolins into Manis, Smutsia, and Phataginus occurred between the Upper Eocene/late Middle Miocene (37.9-12.9 Ma). Divergence between Asian and African pangolins may have occurred before the Oligocene-Miocene boundary (22.9 Ma; 95% HPD = 18.7-27.2), coincident with the estimated origin of extant African pangolins, and with hypothesized patterns of other mammalian taxa of Eurasian origin (e.g., Gaubert and Cordeiro-Estrela 2006; Steiner and Ryder 2011) .
Because 1) pangolins are allied with Carnivora and other Laurasian groups in the Laurasiatheria and 2) the fossil record indicates a Laurasian (most likely European), Eocene origin of Pholidota (Storch 2003) , Gaudin et al. (2006 Gaudin et al. ( , 2009 ) hypothesized a dispersal from Europe into Africa and Asia later in the Cenozoic, with extant pangolins restricted to the tropics due to global cooling during the Pliocene and Pleistocene. That scenario is consistent with our divergence time estimates. Indeed, the dispersal of pangolins via "filter routes" across the Tethys seaway between Africa and Eurasia would have been possible as early as the Upper Eocene (Sen 2013) . Another more recent connection between Eurasia and Africa occurred 16.0-20.0 Ma with the collision of the Arabian microplate-the "Gomphotherium landbridge" (Rögl 1999; Koufos et al. 2005) , which would also be a plausible dispersal route into Africa for pangolins. However, a gap exists in the fossil record of extant pangolins, as African/Asian taxa fossils have not been described earlier than 5 Ma (Pliocene-Pleistocene; Emry 1970; Botha and Gaudin 2007) , except an ambiguous record from the Lower Oligocene deposits in the Fayum, Egypt (Gebo and Rasmussen 1985; Gaudin et al. 2009 ), further complicating pangolin biogeographic history.
We estimated that the 3 extant pangolin genera diversified during the Middle/Upper Miocene (9.8-12.9 Ma), corresponding with a drastic global climatic degradation-the mid Miocene event or Middle Miocene climatic cooling-linked to the development of a permanent East Antarctic Ice Sheet ). This involved gradual, worldwide cooling from ca. 14 Ma onwards, disrupting interregional mammalian fauna connectivity and promoting diversification (e.g., Maridet et al. 2007 ). Thus, climatic conditions acted as a main driver of pangolin diversification from the Middle Miocene, as global cooling also affected the tropics (deMenocal 2004) where extant pangolin species mostly inhabit.
Morphologically similar species (M. javanica and M. culionensis) and cryptic lineages (African common pangolins) emerged more recently, mostly during the Pleistocene (1.7-2.7 Ma). Although the 95% HPD included earlier ages for the African common pangolins diversification (0.8-4.6 Ma), these estimates are similar to those recovered previously using a different calibration strategy and distinct datasets, and coincide with cyclical rainforest contractions during the Pleistocene (Gaubert et al. 2016 ) that may have also factored into the diversification of the Sunda and Palawan pangolins. The mitogenomic tree showed that Sri Lankan short-tailed pangolins were not monophyletic relative to the Indian individual. During the Pleistocene, prolonged connections between India and Sri Lanka occurred across the shallow, 20 km-wide Palk Strait, probably as recently as 10 000 ya (Rohling et al. 1998) , which likely facilitated multiple dispersals of pangolins as has been observed in other mammalian species (e.g., Vidya et al. 2009; Gaubert et al. 2017 ).
Molecular Markers for Tracing the Worldwide Pangolin Trade
Pangolins are the most-trafficked mammals on Earth, a trend notably driven by the Chinese traditional medicine market (Challender et al. 2014; Zhou et al. 2014; Cheng et al. 2017) . The worldwide trade involves all pangolin species and most of their range countries (Heinrich et al. 2016) . In 2014, 6.4 tons of trafficked pangolin scales were seized, more than combined amounts from 2000 to 2013 (Challender et al. 2014 ). More efficient molecular tools are urgently needed to trace the pangolin trade, notably because processed body parts complicate visual identification (e.g., scales, smoked carcasses, chopped meat, paws, and embryos; Soewu and Ayodele 2009; Zhou et al. 2014; Jaclin 2016) .
Despite the utility of molecular markers in monitoring pangolin trade, only a few studies have so far applied genetic tools to explore the geographic structure of pangolins and trace their seizures (Hsieh et al. 2011; Zhang et al. 2015; Gaubert et al. 2016; Mwale et al. 2017 ). Here, we provide an extensive molecular phylogenetic framework that will increase our ability to successfully monitor the pangolin trade, specifically 15 new mitogenomes representing the 8 traditional species of pangolins, including 7 mitogenomes from 4 species-that is, 50% of the pangolin species diversity-not previously sequenced (M. crassicaudata, M. culionensis, S. gigantea, P. tetradactyla) and 9 nuclear genes for 7 species (M. culionensis excluded).
Mitogenomes were by far the "super marker" of our study, providing >5000 informative sites and yielding a mean value of pairwise differences among species/lineage pairs >2000 (range = 498-3242; Table 1 ). Thus, high-throughput-shotgun-sequencing makes the use of mitogenomes as "extended barcodes" (Coissac et al. 2016 ) very attractive.
However, the technology remains costly and tentatively unaffordable for most of the countries directly involved in the pangolin trade. Here, we provide a large, unprecedented series of species-diagnostic markers of various lengths, from 201 bp (ATP8) to 1821 bp (ND5), which will permit the targeting of shorter informative fragments (see Gaubert and Antunes 2015; Zhang et al. 2015; Gaubert et al. 2016) . ND5 had the highest number of pairwise species differences (mean = 340; range = 61-458) among pangolins (Table 1) . While markers traditionally used in phylogeography and barcoding (e.g., cyt b, CR and COI) also provided a large number of diagnostic sites, COI, which is used for "universal" barcoding (Hebert et al. 2003) , had one of the lowest proportion of parsimonyinformative sites (relative to total gene length) among the mitochondrial genes and has been subject to pseudogene co-amplification notably in pangolins .
We also showed that nuclear phylogenetic markers traditionally used in mammalian phylogenetics (Murphy et al. 2001a (Murphy et al. , 2001b Meredith et al. 2011 ) could be useful tracers of the worldwide pangolin trade, notably for species identification. Nuclear genes supplied fewer diagnostic sites than mtDNA genes (1.75-10 times less parsimony-informative sites; 33.3 times less to 1.44 times more in GNB1 relative to ATP8 pairwise species differences; and 1.43-50 times fewer indels). Nevertheless, 5 nuclear genes proved diagnostic among all species/lineages of pangolins, including TTN, FGB7, ALAS2, CHRNA1, and RAG2. GNB1 was the "super nuclear gene" of our study, providing the highest number of pairwise species differences (mean = 44; range = 0-77), indels (14) and the highest proportion of parsimonyinformative sites (0.12), but failed to discriminate between 2 lineages of African common pangolins (Table 1) . By generating thousands of diagnostic sites across the mitochondrial and nuclear genomes of all pangolin species, we provide an unprecedented resource with which to efficiently track the worldwide pangolin trade.
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